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Abstract
The role of extracellular calcium in the activation of respiratory burst in human neutrophils was studied by using the
receptor agonist, N-formyl-methionyl-leucyl-phenylalanine (fMLP), and the activator of protein kinase C phorbol myristate
acetate (PMA). The level of intracellular free calcium was measured by using both cell suspensions and single cells in the
presence and absence of extracellular calcium. The Ca2-ATPase inhibitor, thapsigargin, was used to activate higher Ca2
influx, while a novel calcium channel blocker, panax notoginseng saponins (PNGS) was used to block the Ca2 entry from
extracellular space during the responding period of cells. It was found that about two-thirds of the activation of respiratory
burst initiated by the receptor agonist were attributed to the Ca2 influx under normal physiological conditions. The higher
Ca2 influx resulted in tremendous enhancement of the intensity of respiratory burst initiated by fMLP and marked
acceleration of the onset of the respiratory burst stimulated by PMA. It is evident that both intra- and extracellular Ca2 are
required for full activation of the respiratory burst of human neutrophils, and the Ca2 influx from extracellular space plays
an important role either in generation of reactive oxygen metabolites or in activation of protein kinase C. 0167-4889 / 98 /
$ ^ see front matter ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The neutrophils constitute the largest population
of white cells and the ¢rst line of defense of mamma-
lian organisms against invading microbes. They cir-
culate passively in blood and are rapidly recruited
into in£amed tissues, where they help the body to
eliminate pathogens and other in£ammatory agents.
The neutrophil responses to chemoattractants in-
volve active motion and a series of release reactions.
Respiratory burst, a distinguishing property of
phagocytes, is one of these responses. It results
from the assembly and activation of the NADPH
oxidase, a transmembrane electron transport chain
that reduces oxygen to superoxide [1]. Knowledge
on the process of neutrophil activation is necessary
for the understanding of neutrophil mobilization in
host defense and in£ammation, and may become the
basis for novel therapeutic strategies.
Stimulation of neutrophils by chemotactic agents,
such as receptor agonist, induces an intracellular
Ca2 signal [2], the ¢rst phase of which is due to
Ca2 release from inositol trisphosphate (InsP3)-sen-
sitive stores and the second phase is the consequence
of Ca2 in£ux from the extracellular space [3,4].
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Neutrophils do not possess voltage-activated Ca2
channels in their plasma membranes, but functioning
of the store-regulated pathway has been demon-
strated [5,6]. Some investigators previously reported
that the mobilization of Ca2 from intracellular
stores makes a major contribution to the activation,
whereas the in£ux of extracellular Ca2 does not
play any signi¢cant role [7,8]. However, more inves-
tigations indicated that extracellular Ca2 may not
be absolutely necessary for the activation, but it
may modulate the level of the respiratory burst of
neutrophils [9^11]. A most recent investigation
showed that the superoxide anion (O32 ) generated
by neutrophils activated by N-formyl-methionyl-leuc-
yl-phenylalanine (fMLP) was dependent on the ex-
tracellular calcium in the medium, whereas O32 pro-
duction by phorbol myristate acetate (PMA)-
stimulated neutrophils was extracellular calcium-in-
dependent [12].
The purpose of this study was to further investi-
gate the regulatory role of extracellular Ca2, not
only in the production of superoxide anions in
fMLP-activated neutrophils, but also in the onset
of the respiratory burst stimulated by PMA. A par-
ticular interest was focused on the role of extracellu-
lar Ca2 in elevation of the static cytosolic free Ca2
([Ca2]i) and the consequent impact on the respira-
tory burst. For this purpose, thapsigargin, a potent
endomembrane Ca2-ATPase inhibitor, was used to
deplete intracellular Ca2 stores and protrude the
store-regulated Ca2 in£ux. It was found that the
Ca2 in£ux enhances the intensity of fMLP-activated
respiratory burst and accelerates the onset of PMA-
stimulated respiratory burst.
2. Materials and methods
2.1. Reagents
N-Formyl-methionyl-leucyl-phenylalanine (fMLP),
thapsigargin (TG), Dextran T-500 (MrW500 000),
poly-D-lysine, phorbol myristate acetate (PMA) and
dimethyl sulfoxide (DMSO) were purchased from
Sigma (St. Louis, MO, USA). Fluo-3/AM (acetoxy-
methyl ester) was from Molecular Probes (Eugene,
OR, USA). Panax notoginseng saponins (PNGS)
was from Yunnan Phytopharmaceutical (Kunming,
China). Fura-2/AM (acetoxymethyl ester) was from
Institute of Pharmaceutics, Chinese Academy of
Medical Sciences (Beijing, China). Lymphocytes sep-
arating solution (with a density of 1.007 þ 0.002) was
from the Institute of Hematology, Chinese Academy
of Medical Sciences (Tianjin, China). Other chemi-
cals were all of analytical grade. The medium re-
ferred to as Ca2 medium is Hanks’ balanced salt
solution (HBSS) containing 1 mM CaCl2 (pH 7.4).
The medium referred to as Ca2-free medium is the
same HBSS containing additionally 2 mM EGTA.
When stock solution of some reagents, such as
fMLP, PMA, fura-2/AM, £uo-3/AM or thapsigargin,
were prepared in DMSO and added to cell suspen-
sions, the ¢nal concentrations of DMSO never ex-
ceeded 0.1%.
2.2. Isolation of neutrophils
Human neutrophils were isolated from the blood
of healthy donors according to the following proce-
dure. Blood was mixed with 4.5% dextran in 0.9%
NaCl solution. The red cells were settled for 40 min
at 4‡C and leukocyte-rich plasma was layered on the
top of the lymphocytes separating solution in steri-
lized tubes. The neutrophils were obtained as a pellet
after centrifugation at 500Ug for 15 min. Contami-
nating erythrocytes were removed by hypotonic lysis.
The cells were ¢nally washed twice with saline and
suspended in Ca2 medium or Ca2-free medium at
the concentration of 106 cells/ml. The viability of
neutrophils was checked by Trypan blue exclusion
and always found to be greater than 95%. The purity
of neutrophils was checked by Wright’s staining and
found to be higher than 98%.
2.3. Chemiluminescence measurement of respiratory
burst
The respiratory burst of neutrophils was moni-
tored by Chemiluminescence methods in which the
emitted light from the reaction of luminol with the
superoxide anion (O32 ) and H2O2 generated by cells
were detected as concomitant chemiluminescence
burst [13]. A rotatable experimental setup was
used: the same volume of neutrophil suspension (2
ml, 5U105 cells/ml in Ca2 medium or Ca2-free
medium) containing 1 WM luminol was added in
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two identical quartz cuvettes, then two cuvettes were
placed in the rotatable sample holder of a labora-
tory-made photon counter and measured at 37‡C.
The respiratory burst of the neutrophils under study
and the control were recorded simultaneously. Thus,
the errors caused by the time-dependent variation in
cell viability, kinetics and activity of respiratory burst
were considerably minimized.
2.4. Measurement of free cytosolic Ca2 using
fura-2
Neutrophils (106 cells/ml) were loaded with fura-2
by incubation with 1 WM fura-2/AM at 37‡C for 45
min. Thereafter, the cells were washed twice to re-
move the extracellular dye and resuspended in Ca2
medium or Ca2-free medium at a density of 106
cells/ml [14]. Loaded neutrophils were added into
magnetic stirring cuvette and measured at 37‡C on
a dual excitation £uorescence spectrophotometer
(Hitachi F-4500) which allows simultaneous excita-
tion of £uorescence at 340 and 380 nm. During
measurement, TG or fMLP was injected into the
cell suspension. The £uorescence of the cytosolic
Ca2 bound fura-2 exciting at 340 and 380 nm,
F340 and F380, were simultaneously recorded at the
emission of 510 nm. Free cytosolic Ca2, [Ca2]i,
was calculated according to the following equa-
tion:
Ca2i  KdR3Rmin=Rmax3R
where Kd is the dissociation constant for Ca2
of fura-2 (224 nM); R = F340/F380 ; Rmax = F340; max/
F380; max ; Rmin = F340; min/F380; min ; F340; max and
F380; max are the £uorescence excited at 340 and 380
nm, respectively, at saturated Ca2 concentration.
F340; min and F380; min are the £uorescence excited at
340 and 380 nm, respectively, at zero Ca2 concen-
tration.
2.5. Measurement of free cytosolic Ca2 in single cell
using £uo-3
Neutrophils (106 cells, 1 ml) were plated on a cul-
ture dish (diameter 35 mm), whose surface was
coated with poly-D-lysine for helping cells to adhere,
then incubated with 1 WM £uo-3/AM at 37‡C for
45 min [15]. After incubation, the cells were washed
once with HBSS, then fresh Ca2 medium or Ca2-
free medium was ¢lled again. The dish plated with
£uo-3-loaded cells was put on above the objective of
a laser scanning confocal microscopy (Meridian,
USA) and the £uorescence of the cytosolic Ca2
bound £uo-3 in a single cell was measured before
and after injection of fMLP.
3. Results
3.1. Respiratory burst of neutrophils activated by
fMLP or PMA in the presence or absence of
extracellular calcium
With the photon counter, which can simultane-
ously detect the chemiluminescence concomitant
with the respiratory bursts of the neutrophils in
two cuvettes, the di¡erence between the respiratory
burst of neutrophils initiated by fMLP or PMA in
the presence or absence of free extracellular Ca2 can
be determined with an ever higher reaching precision.
Fig. 1 shows the two chemiluminescence bursts of
cells suspended in Ca2 medium and Ca2-free me-
dium in one typical measurement. The results of ¢ve
repeated measurements showed that the respiratory
burst of fMLP-activated neutrophils in Ca2-free
Fig. 1. Respiratory bursts of fMLP-activated neutrophils in the
presence and absence of free extracellular Ca2. Neutrophils
(5U105 cells/ml) were suspended in HBSS containing 1 WM lu-
minol and 1 mM Ca2. (a) No EGTA was added; (b) 2 mM
EGTA was added in cell suspension 5 min before addition of
fMLP (100 nM). Respiratory bursts were measured as concomi-
tant chemiluminescence taken simultaneously by a photon
counter equipped with a rotatable sample-holder at 37‡C.
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medium is about 70% lower than in Ca2 medium,
whereas the kinetics of the burst remain unchanged.
In contrast to the activation by fMLP, the chelation
of extracellular Ca2 by EGTA in medium seemed to
have little, if any, e¡ect on the respiratory burst
stimulated by PMA (see Fig. 2).
3.2. Intracellular calcium signals of neutrophils
elicited by fMLP in the presence or absence
of free extracellular calcium
The di¡erent respiratory burst responses in the
fMLP-activated neutrophils due to the presence or
absence of free extracellular calcium may be the con-
sequence of di¡erent intracellular calcium signals eli-
cited by the receptor agonist. The transient rise of
the [Ca2]i induced by fMLP was measured £uoro-
metrically in neutrophil suspensions, as well as £uo-
romicroscopically in single cells. The typical intracel-
lular calcium signals of suspended cells and single
cell in Ca2 medium or Ca2-free medium were
shown in Figs. 3 and 4, respectively. Although the
pro¢les of the signals varied slightly from measure-
ment to measurement, both £uorescence spectropho-
tometric and confocal microscopic measurements
clearly showed that the intracellular Ca2 concentra-
tion rose steeply upon injection of fMLP (100 nM),
reached the highest level within 30 s, and then de-
clined to a new lowest level within about 100 s. It
was noticed that in the presence of free extracellular
Ca2, after the steep rise elicited by fMLP the intra-
cellular Ca2 declined to a level which was obviously
higher than the initial baseline level, while the intra-
cellular Ca2 declined to a level which was even
slightly lower than the initial one in the absence of
extracellular Ca2. A second slow rise of the intra-
Fig. 3. Changes of cytosolic free Ca2 induced by fMLP in suspended neutrophils in the presence and absence of free extracellular
Ca2. Fura-2-loaded cells (106 cells/ml) were suspended in HBSS containing 1 mM Ca2. (a) No EGTA was added; (b) 2 mM EGTA
was added in cell suspension 5 min before addition of fMLP (100 nM). Measurements were taken at 37‡C on a dual excitation £uo-
rescence spectrophotometer.
Fig. 2. Respiratory bursts of PMA-stimulated neutrophils in the
presence and absence of free extracellular Ca2. Neutrophils
(5U105 cells/ml) were suspended in HBSS containing 1 WM lu-
minol and 1 mM Ca2. (a) No EGTA was added; (b) 2 mM
EGTA was added in cell suspension 5 min before addition of
PMA (100 nM). Respiratory bursts were measured as concomi-
tant chemiluminescence taken simultaneously by a photon
counter equipped with a rotatable sample-holder at 37‡C.
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cellular Ca2 after the ¢rst big surge was more ob-
viously observed in single cell measurements (see Fig.
4). The higher level [Ca2]i observed in cell suspen-
sions after the big surge of intracellular Ca2 elicited
by fMLP, or the second slow rise of [Ca2]i observed
in single cell, re£ected the Ca2 in£ux from extra-
cellular space regulated by depletion of intracellular
calcium stores.
3.3. The e¡ect of TG on the respiratory burst initiated
either by fMLP or by PMA
Upon addition of di¡erent concentrations of TG,
the changes of [Ca2]i in neutrophils suspended in
Ca2 medium and Ca2-free medium are shown in
Fig. 5. It could be seen that after a short time lag
(less than 10 s) following addition of TG, the [Ca2]i
started to rise in the presence of extracellular Ca2
due to Ca2 entry from extracellular space. After a
certain period of time, the [Ca2]i reached a new
plateau. The time needed for the rise of intracellular
Ca2 from the initial level to a higher steady-state
level depended on the concentration of TG added in
cell suspension. When 500 nM TG was added, the
[Ca2]i rose to a new plateau within 2 min, but it
took more than 3 min to reach a new plateau when
100 nM TG was added. An even longer time was
needed when cells were treated with 20 nM TG.
However, when neutrophils were suspended in
Ca2-free medium which contained excess EGTA,
even 500 nM TG was unable to elevate the intra-
cellular Ca2 level (see curve e in Fig. 5).
The kinetics of respiratory burst initiated by fMLP
in the neutrophils pretreated with di¡erent concen-
trations of TG were measured three times. In the
experiment, the receptor agonist was injected into
the cell suspension 200 s after addition of TG. As
shown in Fig. 6, although the kinetics were not sig-
ni¢cantly changed, the intensity of the respiratory
burst of the neutrophils suspended in Ca2 medium
increased tremendously when 100 nM or 500 nM TG
was added. The respiratory bursts of cells treated
with TG at these two concentrations were enhanced
by a factor of 2.7 and 5.7, respectively. However, 500
nM TG seemed to have no e¡ect on the respiratory
burst when cells were suspended in Ca2-free me-
dium (see curve e in Fig. 6).
The onset of the PMA-stimulated respiratory burst
is usually much slower than that initiated by fMLP
[16,17]. As shown by curve d in Fig. 7, it took about
30 min for the PMA-stimulated respiratory burst to
reach a maximal rate. It was found, surprisingly, that
the onset of the respiratory burst in neutrophils sus-
pended in Ca2 medium and treated with TG became
faster depending on the concentration of the added
endomembrane Ca2-ATPase inhibitor. The kinetic
Fig. 5. Changes of cytosolic free Ca2 in neutrophils following
addition of di¡erent concentrations of TG. Fura-2-loaded cells
(106 cells/ml) were suspended in HBSS containing 1 mM Ca2
and (a) 500 nM TG; (b) 100 nM TG; (c) 20 nM TG; (d) no
TG; (e) 500 nM TG + 2 mM EGTA, which was added in cell
suspension 5 min before injection of TG. Measurements were
carried at 37‡C.
Fig. 4. The intracellular calcium signal induced by fMLP in a
single neutrophil in the presence and absence of free extracellu-
lar Ca2. Fluo-3-loaded cells (106 cells/ml) were suspended in
HBSS containing 1 mM Ca2. (a) No EGTA was added; (b) 2
mM EGTA was added in cell suspension 5 min before addition
of fMLP (100 nM). Measurements were taken at 37‡C on a la-
ser scanning confocal microscope.
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curves of the respiratory burst in the cells treated
with various concentrations of this inhibitor were
recorded with a good reproducibility (see curves a^
c in Fig. 7). If the onset time was de¢ned as the time
needed for the respiratory burst to reach 10% of its
peak intensity, the onset time of the respiratory burst
was reduced from 450 s for normal untreated neu-
trophils to 100 s for 500 nM TG-treated neutrophils,
if free extracellular calcium was present. Even 20 nM
TG signi¢cantly accelerated the onset time of respi-
ratory burst. However, even 500 nM TG did not
reduce the onset time of PMA-stimulated respiratory
burst when cells were suspended in Ca2-free me-
dium (see curve e in Fig. 7).
3.4. Inhibition of the Ca2+ in£ux by PNGS
The saponins extracted from PNGS can block the
slow calcium channels on plasma membrane [18]. It
was used to block the receptor-operative Ca2 chan-
nels (ROC) on the plasma membrane and inhibit the
external Ca2 in£ux during the fMLP-activated res-
piratory burst. When neutrophils were suspended in
Ca2 medium and incubated with PNGS at 37‡C for
10 min, and then stimulated with fMLP, a much
weaker respiratory burst was observed (see Fig. 8).
In comparison with the respiratory burst of the neu-
trophils in PNGS-free Ca2 medium, 60 Wg/ml
PNGS reduced the intensity of burst by a factor of
3. To test the reversibility of PNGS e¡ect, neutro-
Fig. 8. Inhibitory e¡ect of panax notoginseng saponins (PNGS)
on the respiratory burst of fMLP-initiated neutrophils. Neutro-
phils (5U105 cells/ml) were suspended in HBSS containing
1 WM luminol and 1 mM Ca2. (a) No PNGS was added;
(b) PNGS (0.6 Wg/ml) was added in cell suspension 5 min be-
fore addition of fMLP (100 nM). Respiratory bursts were meas-
ured as concomitant chemiluminescence taken simultaneously
by a photon counter equipped with a rotatable sample-holder
at 37‡C.
Fig. 7. Acceleration of the onset of respiratory burst in PMA-
stimulated neutrophils by TG in the presence and absence of
free extracellular Ca2. Cells (5U105/ml) were suspended in
HBSS containing 1 mM Ca2, 1 WM luminol, and (a) 500 nM
TG; (b) 100 nM TG; (c) 20 nM TG; (d) no TG; (e) 500 nM
TG + 2 mM EGTA. EGTA and TG were added in cell suspen-
sion 10 and 5 min, respectively, before injection of PMA
(100 nM). Respiratory bursts were measured at 37‡C as the
concomitant chemiluminescence.
Fig. 6. Enhancement of respiratory burst in fMLP-activated
neutrophils by TG in the presence and absence of free extracel-
lular Ca2. Cells (5U105/ml) were suspended in HBSS contain-
ing 1 mM Ca2, 1 WM luminol, and (a) 500 nM TG; (b) 100
nM TG; (c) 20 nM TG; (d) no TG; (e) 500 nM TG + 2 mM
EGTA. EGTA and TG were added in cell suspension 5 and
3 min, respectively, before injection of fMLP (100 nM). Respi-
ratory bursts were measured at 37‡C as the concomitant chemi-
luminescence.
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phils were preincubated with PNGS at 4‡C, 20‡C or
37‡C for 10 min, then washed with HBSS and stimu-
lated with fMLP. It was found that the inhibition
was largely retained only when the cells were exposed
to PNGS at 37‡C but not at the lower temperatures,
indicating the binding of PNGS to the ROC. The
PNGS e¡ect on the intracellular Ca2 signal was
also measured in fura-2-loaded neutrophils stimu-
lated by fMLP. As shown in Fig. 9, due to the block
of Ca2 channels on the plasma membrane by
PNGS, no second slow rise of the intracellular
Ca2 was observed after the ¢rst big rise. The e¡ect
of PNGS on the intracellular Ca2 signal was similar
to the consequence of the chelation of extracellular
calcium by EGTA.
4. Discussion
The present study con¢rmed the previous report
that the mobilization of Ca2 from intracellular
stores initiated by the second messenger, inositol
1,4,5-trisphosphate (InsP3), is essential for the respi-
ratory burst of neutrophils activated by the receptor
agonist fMLP [19], the extracellular Ca2 also mak-
ing a considerable contribution to the respiratory
burst activity [20].
Although the cells suspended in Ca2-free medium
can still be stimulated by fMLP to undergo respira-
tory burst, the intensity of the burst, or in other
words, the generation of the active oxygen species,
was only one-third of that observed when cells were
suspended in Ca2 medium. This was certainly due
to the Ca2 in£ux existing only in the medium con-
taining free Ca2. Such a Ca2 in£ux was visualized
as a relatively higher steady-state level of [Ca2]i or
the second slow rise of intracellular Ca2 after the
¢rst big surge of [Ca2]i in the intracellular calcium
signal induced by fMLP in both the cell suspensions
and single cells in Ca2 medium (see Figs. 3a and 4).
It seems that about two-thirds of the activity of
NADPH oxidase responsible for the generation of
superoxide anions would be related to the Ca2 in-
£ux from extracellular space. This was clearly dem-
onstrated by the reduction in respiratory burst inten-
sity when Ca2 entry was blocked by chelating the
free Ca2 with EGTA in cell suspension (see Fig. 1)
or by inhibiting the Ca2 channels on plasma mem-
brane with PNGS (see Fig. 8). Besides the great con-
tribution to the intensity of the fMLP-initiated res-
piratory burst, Ca2 in£ux also plays an important
role in accelerating the PMA-stimulated respiratory
burst. The present study shows that the onset time of
PMA-stimulated respiratory burst shortened from
450 s in normal untreated neutrophils to 100 s in
500 nM TG-treated neutrophils. We may conclude
that in view of the onset speed, the PMA-stimulated
respiratory burst is also Ca2-dependent.
Stimulation of Ca2 in£ux across the plasma mem-
brane is one of the key events in transmembrane
signaling. Under normal conditions, the Ca2 in£ux
pathway is activated by receptor agonist-initiated de-
pletion of intracellular Ca2 stores [21]. Such Ca2
in£ux may not be high enough to explicitly show the
role of extracellular Ca2 in the respiratory burst of
neutrophils. For instance, as reported so far, the res-
piratory burst response of PMA-stimulated neutro-
phils has been considered to be extracellular Ca2-
independent [22,23]. Would this conclusion still be
true if a higher Ca2 in£ux could be activated? To
answer this question, thapsigargin was used to empty
intracellular calcium stores and induce a higher Ca2
in£ux by the store-regulated opening of Ca2 chan-
nels on plasma membrane, and the onset of the
PMA-stimulated respiratory burst in thapsigargin-
Fig. 9. Changes of cytosolic free Ca2 induced by fMLP in sus-
pended neutrophils in the presence and absence of PNGS.
Fura-2-loaded neutrophils (106 cells/ml) were suspended in
HBSS containing 1 mM Ca2. (a) No PNGS was added; (b)
PNGS (0.6 Wg/ml) was added in cell suspension 5 min before
addition of fMLP (100 nM). Measurements were taken at 37‡C
on a dual excitation £uorescence spectrophotometer.
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treated cells was studied in relation to the concentra-
tion of thapsigargin. It was revealed that the higher
Ca2 in£ux in thapsigargin-treated cells not only sig-
ni¢cantly enhanced the intensity of the receptor-
mediated respiratory burst (see Fig. 6), but also
markedly accelerated the onset of the PMA-stimu-
lated respiratory burst (see Fig. 7). Since protein ki-
nase C, whose activation will lead to the assembly
and activation of NADPH oxidase, can only be
activated when they are translocated from cytosol
to plasma membrane, the shortening of the onset
time in PMA-stimulated respiratory burst of thapsi-
gargin-treated neutrophils might suggest that the ex-
tracellular Ca2 also plays an important role in pro-
moting the translocation of protein kinase C.
Transmembrane in£ux of extracellular calcium,
along with a rise in intracellular calcium, have been
reported as steps in the activation of respiratory
burst in human neutrophils [3,24,25]. However, to
what extent the extracellular calcium could contrib-
ute to the activation of respiratory burst is still un-
clear. This investigation showed that about two-
thirds of the activation of respiratory burst initiated
by the receptor agonist, fMLP, were attributed to the
Ca2 in£ux from extracellular space under normal
physiological conditions. We also found that the on-
set of the respiratory burst stimulated by the tumor
promoter and activator of protein kinase C, PMA, in
human neutrophils would be accelerated, if a higher
Ca2 in£ux could be activated.
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